Growth hormone (GH) is a determinant of glucose homeostasis and adipose tissue (AT) function. Using 7-month-old transgenic mice expressing the bovine growth hormone (bGH) gene and growth hormone receptor knockout (GHR 2/2 ) mice, we examined whether changes in GH action affect glucose, insulin, and pyruvate tolerance and AT expression of proteins involved in the interrelated signaling pathways of GH, insulinlike growth factor 1 (IGF-1), and insulin. Furthermore, we searched for AT depot-specific differences in control mice. Glycated hemoglobin levels were reduced in bGH and GHR 2/2 mice, and bGH mice displayed impaired gluconeogenesis as judged by pyruvate tolerance testing. Serum IGF-1 was elevated by 90% in bGH mice, whereas IGF-1 and insulin were reduced by 97% and 61% in GHR 2/2 mice, respectively. Igf1 RNA was increased in subcutaneous, epididymal, retroperitoneal, and brown adipose tissue (BAT) depots in bGH mice (mean increase 6 standard error of the mean in all five depots, 153% 6 27%) and decreased in all depots in GHR 2/2 mice (mean decrease, 62% 6 4%). IGF-1 receptor expression was decreased in all AT depots of bGH mice (mean decrease, 49% 6 6%) and increased in all AT depots of GHR 2/2 mice (mean increase, 94% 6 8%).
I
n recent decades, the prevalence of obesity and obesityrelated comorbidities has increased dramatically (1, 2) . Obesity is caused by excessive accumulation of white adipose tissue (WAT). The mass of visceral adipose tissue (AT), more so than subcutaneous (Sc) AT, is associated with metabolic disorders and poor health outcomes (3) . Thus, much research has been devoted to the clarification of factors that control AT deposition and physiology. Growth hormone (GH) is the primary stimulator of insulinlike growth factor 1 (IGF-1), and together with insulin, these three anabolic hormones exert potent effects on AT function (4). For example, obese patients present with markedly suppressed pituitary GH secretion (5) . Given that GH directly influences fat mass by promoting lipolysis and preventing lipogenesis, obese patients tend to lack the lipolytic and antilipogenic actions of GH. Aside from its lipolytic effects, GH is also diabetogenic and affects the ability of insulin to maintain normal glucose homeostasis (4) (5) (6) .
The actions of GH, IGF-1, and insulin are mediated through their respective receptors, the growth hormone receptor (GHR), insulinlike growth factor 1 receptor (IGF-1R), and insulin receptor (IR), which are all abundantly expressed in AT (4, 7) . Accordingly, GH, IGF-1, and insulin comprise an intricate regulatory hormonal network with immense adaptability. Thus, it is often challenging to discriminate between the direct effects of GH vs those mediated through IGF-1 and/or insulin.
Mouse strains with genetically altered GH-induced action have provided valuable means of studying the effects of GH on obesity. Mice with GH deficiency as a result of disruption of the GHR gene (GHR 2/2 ) have decreased body size and very low circulating IGF-1 levels (8, 9) . Interestingly, the lack of GH-induced signaling is associated with improved insulin sensitivity and extended longevity, despite markedly increased adiposity in select depots (4, 9, 10) . Of note, GHR 2/2 mice show a preferential enlargement of the Sc depot, whereas intra-abdominal fat pads are proportional to their dwarf size (4) . The depot-specific alterations in mass are accompanied by differences in cellular composition and function (4) . This coexistence of improved insulin sensitivity and obesity suggests a metabolically healthy obese phenotype in these mice. Conversely, transgenic mice expressing the bovine growth hormone (bGH) gene are characterized by increased IGF-1 levels, accelerated growth, increased lean body mass, decreased WAT mass, and a shortened lifespan (11) (12) (13) . Generally, these mice suffer from a number of pathological changes in glucose and lipid metabolism, including hyperinsulinemia and impaired insulin sensitivity, despite normal fasting blood glucose (14) (15) (16) . Together, these two mouse lines with their extremes of GH activity illustrate how GH is able to influence the deposition of AT in a depot-specific manner, and how the pattern of fat distribution may have a profound influence on whole-body metabolism (3, 7, 17, 18) . However, the mechanisms underlying the depot-specific role of GH in AT modeling/remodeling and function remain poorly understood.
The aim of the current study was to investigate to what extent GH regulates the local expression of proteins and protein receptors that influence adipocyte metabolism in bGH and GHR 2/2 mice. Thus, we studied glucose homeostasis and examined whether changes in GH action result in alterations in the RNA and protein patterns of IGF-1, IGF-1R, IR, and GHR. Finally, we analyzed the adipose depot-specific differences that may explain why the effects of GH depend on AT location.
Methods

Animals
The bGH and GHR 2/2 mice were produced on a C57BL/6J background or backcrossed more than 10 generations into a C57BL/6J background, as previously described (8, 18) . Sevenmonth-old male cohorts of bGH mice (n = 10) and wild-type (WT) littermate controls (n = 10), and GHR 2/2 mice (n = 8) and WT littermate controls (n = 8), were bred at the Edison Biotechnology Institute (Ohio University, Athens, OH). The mice were housed in cages that were kept on a 14-hour light/10-hour dark cycle in a temperature-controlled environment (23°C). Mice were housed up to four per cage with standard chow and water provided ad libitum, unless otherwise noted. The Ohio University's Institutional Animal Care and Use Committee approved all protocols and procedures.
Body weight and body composition
Body weight and composition measurements were performed 1 week prior to dissection. Fat, lean, and fluid mass were measured using a quantitative Minispec mq benchtop nuclear magnetic resonance analyzer (Bruker Optics, The Woodlands, TX), as previously described (16, 19) .
Glucose tolerance test, insulin tolerance test, and pyruvate tolerance test
Four weeks prior to dissection, the mice were subjected to a glucose tolerance test (GTT), insulin tolerance test (ITT), and pyruvate tolerance test (PTT). All tests started at ;9:00 AM to ensure that measurements were not affected by diurnal fluctuations in blood glucose. Blood samples were taken from the tail vein. Glucose was measured using OneTouch Ultra test strips and glucometer (LifeScan, Milpitas, CA) before intraperitoneal (IP) injection of glucose, insulin, or pyruvate and at various time points after injections. After each tolerance test, the mice were allowed to rest for a week prior to the subsequent test.
GTTs were performed on mice that were fasted for 12 hours prior to measurements. Each mouse received an IP injection of glucose (Sigma-Aldrich, St. Louis, MO) diluted in sterile phosphate-buffered saline for a final dose of 1 g/kg body weight. Blood glucose measurements were performed at baseline and after 15, 30, 45, 60, 90, 120 , and 150 minutes. ITTs were performed on mice in a fed state. Each mouse received an IP injection of insulin (Humulin R; Eli Lilly, Indianapolis, IN) at 0.75 U/kg body weight, and glucose was measured at baseline and at 20, 40, 60, 80, 100, and 120 minutes after injection. A PTT was performed to assess gluconeogenic capacity. Mice were fasted for 12 hours before commencement of the test and received an IP injection of pyruvate at a bolus at 1.5 g/kg body weight. Measurements were performed at baseline and at 20, 40, 60, 90, 120, and 150 minutes after injection. Area under the curve (AUC) was calculated for all groups after each test.
Tissue collection
All mice were fasted for 12 hours prior to euthanasia. The mice were anesthetized in a CO 2 chamber, after which blood was collected from the orbital sinus. After blood collection, the mice were euthanized by cervical dislocation. Blood was incubated at 20°C for 20 minutes and centrifuged at 7000 3 g for 10 minutes at 4°C. Serum was aliquoted and stored at 280°C until further analyses. Five adipose depots were collected and weighed [Sc, epididymal (Epi), retroperitoneal (Ret), mesenteric (Mes), and brown adipose tissue (BAT)], frozen in liquid nitrogen, and stored at 280°C until analysis.
Biochemical blood analyses
Measurements of blood glycated hemoglobin (HbA1c) were performed on whole blood collected 1 week prior to dissection. Blood samples were taken from the tail vein on fasted mice, and HbA1c was measured using a DCA Vantage analyzer and reagent kit (Siemens Medical Solutions, Malvern, PA) with an HbA1c range of 4 to 130 mmol/mol. In serum collected at dissection, levels of insulin were determined using the mouse ultrasensitive insulin enzyme-linked immunosorbent assay kit (ALPCO, Salem, NH), according to the manufacturer's directions. The dynamic range was 0.025 to 1.25 ng/mL. IGF-1 was determined using a mouse IGF-1 enzyme-linked immunosorbent assay kit (ALPCO) with a dynamic range of 0.5 to 18 ng/mL. All measurements were performed in duplicate.
Extraction of RNA and complementary DNA synthesis
Total AT RNA was isolated using TRIzol reagent (Thermo Fisher Scientific, Waltham, MA), following the manufacturer's protocol. The quality and quantity of total RNA was analyzed by visual inspection of the 18S and 28S RNA on an agarose gel and by measuring absorbance at 260 and 280 nm with a ratio of $1.8 using a NanoDrop 8000 spectrophotometer (Thermo Fisher Scientific). Complementary DNA (cDNA) was synthesized from 2 mg of total RNA using the Maxima First Strand cDNA Synthesis Kit (Thermo Fisher Scientific).
Quantitative polymerase chain reaction
Quantitative polymerase chain reaction (qPCR) was performed using the StepOnePlus real-time PCR machine (Thermo Fisher Scientific/Applied Biosystems, Foster City, CA) with Bullseye EvaGreen qPCR MasterMix Rox (Midsci, Valley Park, MO). Each reaction contained 12.5 mL of MasterMix, 0.3 mM each of backward and forward primer (Sigma-Aldrich) ( Table 1) , and 5 mL of cDNA. The qPCR reactions were performed in triplicate using the duration-fast protocol: enzyme activation at 95°C for 10 minutes, denaturation at 95°C for 3 seconds, and annealing and extension at 60°C for 30 seconds. A melting curve was produced for each reaction to evaluate the generation of nonspecific products. b-2 microglobulin (B2m), eukaryotic elongation factor 2 (Eef2), and ribosomal protein S3 (Rps3) were used as reference genes (20) . Calibrated normalized relative quantities were calculated using the modified Pfaffl equation, taking gene-specific amplification efficiencies and multigene normalization into account (21) . The normalization factor was calculated as the geometric mean of the calibrated normalized relative quantities of each reference gene. Expression of the gene of interest in the bGH and GHR 2/2 mice was compared with that of their WT littermate control group. No significant differences in gene expression levels were observed between the WT controls, and thus, for comparisons between AT depots, all WT mice were analyzed as one group (n = 18).
Target genes included Igf1, Igf1r, Ir, and Ghr. In addition, primers were designed to distinguish between transcripts specific for the GHR or the growth hormone-binding protein (GHBP). In rodents, the GHBP is generated from the Ghr gene as an alternatively spliced precursor RNA product (referred to as Ghbp). Exons 8, 9, and 10 of the Ghr gene encode a domain that is specific to the receptor. The soluble GHBP contains a domain, which is encoded by a GHBP-specific exon in the Ghr gene, designated as exon 8A. Differential splicing of exon 7 to either exon 8 or the interposed exon 8A yields the GHR or the GHBP, respectively. Finally, all Ghr gene transcript forms (referred to as Ghr/Ghbp) were quantified using primers that, because of their location, were unable to distinguish between transcripts for GHR or GHBP.
Western blotting
Due to limited amounts of AT, protein was only isolated from Sc AT. Frozen tissue samples were homogenized in radioimmunoprecipitation assay buffer (Sigma-Aldrich) with phenylmethylsulfonyl fluoride protease inhibitor, and protein concentrations were determined using Bradford Protein assay (Bio-Rad, Hercules, CA). Protein (15 mg) was loaded onto a 26-well 4% to 15% stain-free gradient gel (Criterion TGX; BioRad). The gel was imaged using the stain-free application on the ChemiDoc MP imager (Bio-Rad) immediately after protein separation and prior to Western blotting. Protein gels were blotted using the Trans-Blot Turbo transfer apparatus and PVDF Midi transfer packs (Bio-Rad). Membranes were transferred to a blocking solution (Tris-buffered saline, 0.05% Tween 20, 5% bovine serum albumin) and subsequently imaged to verify total protein transfer. Membranes were probed with primary antibodies: rabbit anti-GHR (AL47) (22) , rabbit anti-IR-a (sc-710; Santa Cruz Biotechnology, Santa Cruz, CA), rabbit anti-IGF-1R (sc-9038; Santa Cruz Biotechnology), or goat anti-glyceraldehyde 3-phosphate dehydrogenase (sc-20357, Santa Cruz Biotechnology). IGF-1 was not detected using Western blotting. Secondary antibodies coupled to horseradish peroxidase (HRP) were applied [anti-rabbit HRP and anti-goat HRP (R&D Systems, Minneapolis, MN)], and 
CCACCCAATGCAGATGTTCT GGTGCCCACAAGGCTAGGGAT signals were detected by the addition of SuperSignal West Dura Chemiluminescent substrate reagent (Thermo Fisher Scientific).
Imaging and densitometric analysis of the blots were performed using the ChemiDoc MP imager (Bio-Rad). The ImageLab software version 5.2 (Bio-Rad) was used to select and determine the background-subtracted density of the bands in all gels and blots. The stain-free total protein quantitation served as loading control. Total protein levels were checked by comparisons with glyceraldehyde 3-phosphate dehydrogenase levels. A liver sample served as control.
Statistics
Values are reported as mean 6 standard error of the mean. Assumptions of normal distributions were investigated by histograms and quantile-quantile plots. AUC for blood glucose concentrations during GTT, ITT, and PTT was determined using the trapezoidal method, and both total AUC and incremental AUC (i.e., percentage change from baseline values) were analyzed. Student t test was used to compare baseline characteristics, serum measurements, AUC, gene expressions, and protein levels between genotypes (bGH and WT littermates or GHR 2/2 and WT littermates). Body composition was also analyzed by linear regression with total body weight as a covariate. Pairwise comparisons of means between depots in the WT control mice were performed using one-way analysis of variance with correction for multiple comparisons using Tukey's post hoc test. Differences were considered statistically significant at P , 0.05. Statistical analyses were performed using Stata 13 (StataCorp, College Station, TX).
Results
Body composition and AT depot weights
Body compositions and depot weights are shown in Fig. 1 . As expected, 7-month-old bGH mice had higher body weight (P , 0.001) [ Fig. 1(A) ] and longer body length (P , 0.001) [ Fig. 1(B) ] than WT controls. The excess body weight was due primarily to an increase in lean mass, which was proportional to the larger body size (bGH, 77.7% 6 0.9% vs WT, 75.1% 6 1.8%; P = 0.198). However, as conventional normalization to total body weight tends to underestimate or exaggerate differences, adjustments for body weight were also performed by including this term as a covariate rather than using proportions. Accordingly, lean body mass was significantly increased in the bGH mice (P = 0.020). Total fat mass was significantly decreased, both as absolute weight and percentage body weight (bGH, 4.2% 6 0.5% vs WT, 12.1% 6 1.6%; P , 0.001). The decrease was also significant in a regression analysis adjusted for total body weight (P , 0.001) [ Fig. 1(C) ].
The GHR 2/2 mice were significantly smaller (P , 0.001) and shorter (P , 0.001) than littermate controls [ Fig. 1(A) and Fig. 1(B) ]. Total lean mass was significantly reduced, but the decrease was not fully explained Figure 1 . Body weight and composition of bGH and GHR 2/2 mice. Body and tissue weights were determined in bGH mice (diagonal-hatched bars) and WT control mice (black bars) (n = 10 per group) and in GHR 2/2 mice (horizontal-hatched bars) and WT control mice (white bars) (n = 8 per group). (A) Total body weight was determined 1 week prior to dissection and (B) body length was measured at dissection. Body composition (fat, lean, and fluid mass) is shown for (C) bGH and WT control mice and (D) GHR 2/2 and WT control mice. Sc, Epi, Ret, and Mes white adipose depots as well as BAT were weighed in (E) bGH and WT mice and (F) GHR 2/2 and WT mice. Values are expressed as mean 6 standard error of the mean; *P , 0.05.
by the reduced body size. GHR 2/2 mice had significantly lower lean mass both when normalized to total body weight (GHR
, 61.0% 6 1.1% vs WT, 74.5% 6 1.7%; P , 0.001) and when adjusting for total body weight (P , 0.001). Similar to what has been previously shown (10, 13, 15) , absolute fat mass in GHR 2/2 was comparable to that in WT control mice (P = 0.188), but when normalized to total body weight, GHR 2/2 mice had a significantly higher percentage of fat mass (GHR 2/2 , 32.1% 6 0.6% vs WT, 9.5% 6 1.5%;
The weight of all WAT depots was decreased in the bGH mice, with reductions of 43% in Sc (P = 0.027), 41% in Epi (P = 0.027), 66% in Ret (P = 0.003), and 54% in Mes (P , 0.001), as compared with WT littermates [ Fig. 1(E) ]. BAT depot weights were similar in WT and bGH mice. Although total fat mass was similar in GHR 2/2 and WT, the weights of the various adipose depots were not uniformly distributed [ Fig. 1(F mice (P , 0.001). However, when adjusting for total body weight, BAT depot sizes were comparable in all genotypes. Serum IGF-1 levels were elevated by 90% in bGH mice (P , 0.001) and reduced by 97% in GHR 2/2 mice (P , 0.001) compared with controls [ Fig. 2(D) ]. Insulin levels were similar in bGH and control mice, whereas they were decreased by 61% in GHR 2/2 mice (P , 0.001) [ Fig. 2(E) ].
Serum hormone levels and glucose homeostasis Fasting blood glucose levels were unchanged in bGH and GHR 2/2 mice compared with littermate controls [ Fig. 2(A) ], whereas fed blood glucose levels were significantly reduced in bGH mice (P , 0.001) [ Fig. 2(B) ]. HbA1c levels were reduced in both bGH and GHR 2/2 mice (P , 0.001) [ Fig. 2(C) ]. Serum IGF-1 levels were elevated by 90% in bGH mice (P , 0.001) and reduced by 97% in GHR 2/2 mice (P , 0.001) compared with controls [ Fig. 2(D) ]. Insulin levels were similar in bGH and control mice, whereas levels were decreased by 61% in GHR 2/2 mice (P , 0.001) [ Fig. 2(E) ].
Glucose homeostasis was assessed by a GTT, ITT, and PTT in bGH [ Fig. 3(A-C) Adipose depot-specific differences in RNA of various receptors in WT mice Because AT depots did not respond to the altered GH activity in a uniform manner in bGH or GHR 2/2 mice, we investigated if the GH-and IGF-related genes were differentially expressed in an AT depot-dependent manner. Because no significant differences in gene expression levels for Igf1, Igf1r, Ir, and Ghr were observed between WT control mice of bGH and GHR 2/2 litters, the WT control mice were analyzed as one group (n = 18) ( Fig. 4) . In these WT mice, Igf1 RNA levels were similar in all WAT depots, but significantly higher in BAT (P , 0.001). Igf1r RNA were slightly, but significantly, higher in Epi and Mes depots than in Sc, Ret, and BAT depots. Ir RNA levels were lowest in the Sc and Epi depots and significantly higher in Ret and Mes depots. Levels in BAT were more than 300% higher than in Sc and Epi (P , 0.001) and 60% higher than in Ret and Mes (P , 0.001).
Primers were designed to distinguish between transcripts specific for Ghr or Ghbp. In addition, all Ghr gene transcript forms (Ghr/Ghbp) were quantified using primers that were unable to distinguish between transcripts for Ghr or Ghbp. The RNA levels of Ghr/Ghbp, Ghr, and Ghbp varied, with the highest RNA levels found in Ret depots. Collectively, expression levels of Ghr and Ghbp were quite similar, and Ghr/Ghbp expression levels Figure 3 . Glucose homeostasis in bGH and GHR 2/2 mice. (A) GTTs, (B) ITTs, and (C) PTTs were performed in bGH mice (white circles) and WT control mice (black circles) (n = 10 per group). Similarly, (D) GTTs, (E) ITTs, and (F) PTTs were performed in GHR 2/2 mice (white circles) and WT control mice (black circles) (n = 8 per group). Mice received an IP injection of glucose at 1 g/kg body weight, insulin at 0.75 U/kg body weight, or pyruvate at 1.5 g/kg body weight, respectively. Blood glucose levels are reported as percentage change in glucose from baseline (100%). Relative AUC was calculated for each test in (G) bGH and (H) GHR 2/2 mice. Values are expressed as mean 6 standard error of the mean.
doi: 10.1210/en.2017-00084 https://academic.oup.com/endoappeared to be an average of Ghr and Ghbp RNA levels. Ghr/Ghbp and Ghbp levels were lower in BAT compared with WAT, whereas Ghr levels were similar in WAT and BAT.
AT RNA expressions and protein levels in bGH and GHR 2/2 mice The relative RNA levels were determined in Sc, Epi, Ret, Mes, and BAT depots from bGH and GHR 2/2 mice as well as their WT littermate controls (Fig. 5) . Igf1 RNA levels were significantly increased in all depots from bGH mice and decreased in all depots in GHR 2/2 mice [ Fig.   5(A) ]. On average, Igf1 RNA levels in the five depots were elevated by 153% 6 27% (P = 0.005) in the bGH and decreased by 62% 6 4.3% (P , 0.001) in the GHR 2/2 mice. Igf1r RNA levels were significantly decreased in all depots in bGH mice (average decrease, 49% 6 5.6%; P , 0.001), and increased in all depots in GHR 2/2 mice (average increase, 94% 6 8.2%; P , 0.001) [ Fig. 5(B) ]. The same pattern was observed for Ir RNA levels, with significant reductions in Ret, Mes, and BAT in bGH mice, and augmented levels in Sc, Ret, Mes, and BAT in GHR 2/2 mice [ Fig. 5(C) ]. On average, Ir RNA levels in the five depots were decreased by 56% 6 4.4% (P , 0.001) in the bGH mice and increased by 51% 6 12% (P = 0.013) in the GHR 2/2 mice.
In bGH mice, the Ghr/Ghbp RNA expressions in Epi, Ret, Mes, and BAT were similar to controls. In Sc, RNA expression was significantly decreased by 37% (P = 0.019). Ghr RNA levels were not significantly different between bGH and WT control mice. However, Ghbp RNA expression was significantly reduced by 45% in Sc (P = 0.006) and increased by 57% (P = 0.010) and 247% (P = 0.011) in Ret and BAT, respectively, vs controls. Levels were unaltered in Epi and Mes (P = 0.109 and P = 0.321, respectively). In GHR 2/2 mice, Ghr/Ghbp RNA levels were undetectable, as would be expected in a GHR gene-disrupted mouse. Protein levels of IGF-1R, IR, and GHR were determined in Sc AT from bGH and GHR 2/2 mice (Fig. 6 ).
Western blot analysis revealed no differences in IGF-1R levels in bGH mice, whereas IR protein was significantly decreased (P = 0.046). IGF-1R levels were increased in GHR 2/2 mice (P = 0.039), whereas the difference in IR was insignificant. Although not all differences were significant, the direction of change for IGF-1R and IR protein appeared identical to cognate RNA levels. Similar to RNA expressions, GHR protein levels were significantly . RNA expression levels in adipose tissue depots from bGH and GHR 2/2 mice. Sc, Epi, Ret, and Mes white adipose depots as well as BAT were collected from bGH mice (diagonal-hatched bars) and WT control mice (black bars) (n = 10 per group) and from GHR 2/2 mice (horizontalhatched bars) and WT control mice (white bars) (n = 8 per group). Relative RNA levels of (A) Igf1, (B) Igf1r, (C) Ir, (D) Ghr/Ghbp, (E) Ghr, and (F) Ghbp were determined. Ghr and Ghbp RNA levels were only determined in mice from the bGH litter. For each gene, all RNA levels are relative to the level in the Sc depot in the WT control group from the bGH litter. Values are expressed as mean 6 standard error of the mean; *P , 0.05. decreased in Sc AT from bGH mice (P = 0.007), and, as expected, undetectable in GHR 2/2 mice. Collectively, protein levels appeared to follow the same pattern as RNA levels, although some differences were insignificant at the protein level.
Discussion
GH, IGF-1, and insulin signaling play important roles in the regulation of glucose homeostasis and AT function, as demonstrated in a variety of mammals. In the current study, we used bGH and GHR 2/2 mice to investigate the effect of modified GH action on the expression of genes and proteins involved in these interrelated signaling pathways in AT. Notably, we found GH to regulate GHR, IGF-1R, and IR expression levels in a depotdependent manner. Furthermore, the receptors appear to play distinct roles in white and brown fat. Several studies have assessed body composition in bGH and GHR 2/2 mice (15, 18, 23, 24) . Consistent with prior findings, we report a decreased percentage of fat mass and increased total lean mass in bGH mice as compared with their WT counterparts. The general phenotype of bGH mice is consistent with previous findings (10, 13, 15, 18) and is largely explained by the alterations in metabolic regulation that are induced by increased GH/IGF-1 activity. In particular, the potent lipolytic and antilipogenic effects of GH are likely responsible for the dramatic reduction in WAT mass (15, 18) . Simultaneously, the growth-promoting effects increase absolute lean mass, although absolute lean mass appears proportional to the larger body size (15, 16) . On the other hand, the GHR 2/2 mice showed a higher percentage of fat mass and decreased lean mass. Overall, there is little doubt that AT accumulation in GHR 2/2 mice occurs in a depot-specific manner, with profound enlargement of the Sc depot, and that the GHR 2/2 mice show improved, rather than impaired, insulin sensitivity (18, 23, 25, 26) . It is interesting that the intra-abdominal depots were not increased when normalized to body weight, indicating no additional fat accumulation outside of the Sc depot. Previous studies have shown that lean mass in GHR 2/2 mice is proportional to body weight (10) , whereas other studies report decreased lean mass (23) . In the current study, the decrease in lean mass was not fully explained by the reduced body size. The varying results between studies may be explained by age-and sexspecific differences (10, 16, 18, 23) . Finally, BAT depot sizes relative to body weights were comparable in mice of all genotypes. Previous studies have demonstrated increased interscapular BAT in GHR 2/2 mice (27), whereas there are discrepancies in the literature regarding bGH mice, with reports showing both increased (28) and reduced BAT levels (4, 9, 27) . Again, the inconsistencies may be explained by differences in age and sex (10, 16, 18, 23) . We observed improved glucose clearance and insulin sensitivity in the bGH mice, whereas fasting blood glucose and insulin levels were similar to WT. Interestingly, Figure 6 . Protein levels in Sc adipose tissue from bGH and GHR 2/2 mice. Protein was isolated from Sc white adipose depots collected from bGH mice (diagonal-hatched bars) and WT control mice (black bars) (n = 10 per group) and from GHR 2/2 mice (horizontal-hatched bars) and WT control mice (white bars) (n = 8 per group). Representative Western blots of IGF-1R, IR, and GHR are shown for (A) bGH (GH) and WT (W) mice and for (B) GHR 2/2 (KO) and WT (W) mice. Protein levels of (C) IGF-1R, (D) IR, and (E) GHR were quantified and reported as mean 6 standard error of the mean; *P , 0.05.
HbA1c levels were significantly reduced, suggesting improved long-term glycemic control. This finding may appear paradoxical, given that GH is known to exert diabetogenic effects and oppose insulin actions on glucose metabolism. However, evidence from studies in bGH mice are ambiguous. Previous reports have shown that bGH mice are indeed hyperinsulinemic in early life (14, 24, 28) . Unexpectedly, glucose homeostatic control is ameliorated in later life, and the mice are normoinsulinemic by 9 months of age and hypoinsulinemic by 11 months of age (24) . Thus, despite high ambient GH concentrations, insulin insensitivity is not observed. Whether this decline in insulin concentration with age results from loss of pancreatic b cells or an actual increase in insulin sensitivity remains unsettled. Blood glucose levels in bGH mice are known to decline with age, and are significantly different from those of WT mice at 9, but not 6, months of age (24) . One prior study in bGH mice has demonstrated enhanced glucose tolerance independent of age (29) . Furthermore, the mice in that study showed augmented insulin sensitivity throughout life, which counterintuitively suggests an overall beneficial effect of GH transgene expression. The contradictory findings are especially noteworthy, given that increased longevity in GHR 2/2 mice has been partly attributed to enhanced insulin sensitivity (30) . The extended lifespan in GHR 2/2 mice may, however, relate more to other notable features, such as reduced incidence of diabetes-induced nephropathy and cancers (31) . Hepatic gluconeogenesis in bGH mice was assessed by measuring blood glucose response to an IP injection of pyruvate. This method can reveal severe gluconeogenic deficit but is highly dependent on glucose-stimulated insulin secretion and insulin sensitivity, and thus, should be evaluated in relation to GTT and ITT results. The response in bGH mice was blunted relative to their WT littermates, suggesting that bGH mice have reduced ability to convert pyruvate into glucose. On the whole, GH is thought to increase gluconeogenesis, probably in a lactate-dependent manner (32); thus, the mechanism responsible for this discrepancy is unknown. To our knowledge, only one other study has assessed pyruvate tolerance in bGH mice, with similar findings (29) . In that study, the authors also demonstrated a downregulation of key liver enzymes involved in gluconeogenesis. This supports the hypothesis that bGH mice have reduced gluconeogenic proclivity, and that the lack of blood glucose response is not merely the result of an increased or rapid glucose clearance. There is also the likelihood of a contribution of increased IGF-1, which is known to decrease hepatic phosphoenol pyruvate carboxykinase and thereby inhibit gluconeogenesis (33) . Clearly, GH effects on glucose homeostasis remain incompletely understood.
GHR
2/2 mice displayed no difference in glucose clearance in response to the glucose, insulin, or pyruvate challenge. Fasting glucose levels were normal, whereas fed glucose levels were significantly reduced. Glucose levels are generally lower in young GHR 2/2 mice, and higher in older mice (25, 34, 35) . Circulating insulin levels were reduced, which is in agreement with previous findings and a hallmark of GHR 2/2 mice of most ages (25, 34, 36) . The reduced insulin levels are due, in part, to the removal of the anti-insulin activity of GH and suggest increased insulin sensitivity, which would be consistent with the extended longevity observed in these mice (30) . Interestingly, like bGH mice, GHR 2/2 mice presented with reduced HbA1c levels, suggesting improved longterm glycemic control. GH, IGF-1, and insulin signaling are essential for AT development and function (26, 37) . Thus, we investigated the RNA levels of Igf1, Igf1r, Ir, and Ghr in AT as well as levels of IGF-1R, IR, and GHR protein in Sc in WT, bGH, and GHR 2/2 mice. First, we examined the interdepot differences in gene expression in WT mice. Igf1 RNA levels were similar in all WAT depots, but significantly higher in BAT. Igf1r levels were similar in Sc, Ret, and BAT, whereas Ir levels were significantly higher in BAT compared with the WAT depots. This suggests that both IGF-1 and insulin signaling are important for adipocyte homeostasis, although the two receptors play distinct roles in white and brown fat. It has recently been shown that mice with adipocyte-specific deletion of Igf1r have normal BAT mass, whereas Ir deletion results in a 50% mass reduction (38) (39) (40) . Thus, insulin signaling may have a more integrated role in BAT. Surprisingly, Ghr/ Ghbp and Ghbp RNA levels were lower in BAT than in most WAT, whereas Ghr RNA levels were not. Igf1 RNA levels were increased in the bGH mice and, consistent with GH resistance, the levels were greatly reduced in GHR 2/2 mice. However, whereas serum levels in the GHR 2/2 were negligible, AT RNA levels of Igf1 were only reduced by ;62%. Previous studies have shown a lack of liver Igf1 RNA in GHR 2/2 mice (34, 41).
This confirms that circulating liver-derived IGF-1 is highly GH dependent, whereas local AT synthesis of IGF-1 is probably regulated by other factors. The expression pattern of Igf1r in ATs seemed to be inversely related to Igf1 expression, being twofold lower in bGH mice and twofold higher in GHR mice to maintain efficient insulin-induced signaling and sensitivity at the tissue level, despite low insulin levels. Conversely, bGH mice may downregulate AT Ir expression to counteract the hyperinsulinemia that is usually observed in early life. However, in this study, the mice were normoinsulinemic and had normal glucose and insulin tolerance; thus, it is difficult to reconcile the absence of insulin resistance in bGH mice with the widely accepted association of high GH levels and reduced insulin sensitivity. We believe that there may be several explanations. First, the high ambient GH concentrations, more so than insulin levels, may be responsible for the alterations in Ir levels, and thereby affect local insulin sensitivity. Second, bGH mice may display local tissue-specific insulin resistance that is not reflected by circulating insulin levels or revealed in GTT or ITT results. Hearts of bGH mice are reported to show an increased insulin sensitivity at baseline, but they are resistant to acute insulin stimulation (44) . Finally, as discussed previously in regard to the PTT, the disconnect between the presence of normal glucose homeostasis and high GH action in bGH mice may, in part, be explained by the reduced gluconeogenic proclivity, which affects wholebody glucose homeostasis, and the high IGF-1 level, which is known to inhibit hepatic gluconeogenesis (33, 45) . Ghr/Ghbp expression levels were generally similar in WT and bGH mice, with the highest levels in the Ret depot. Interestingly, levels were significantly lower in only the Sc depot in bGH mice, and this reduction was also observed at the protein level. Ghbp was significantly reduced in Sc and increased in Ret AT and BAT. Expression of Ghr followed the same pattern as Ghr/Ghbp, although the reduction in Sc was insignificant. A previous study in humans has shown a higher Ghr expression in Sc than omental WAT from lean, but not obese, subjects (46) , whereas a recent study by Gude et al. (47) also demonstrated this interdepot difference in obese subjects. However, these findings were not confirmed in the current study. The differences found in humans may be explained by several mechanisms. Primarily, the decline in GH with obesity may modulate Ghr RNA levels. However, on the basis of our findings in bGH mice, high GH does not appear to substantially regulate Ghr RNA levels. Another explanation may be that GHR reduction is a pathological consequence of obesity. Yet, we did not observe higher Ghr RNA levels in the lean bGH mice. Another potential explanation may be the heterogeneity of Sc in humans, which is indeed location dependent. Taken together, our findings are difficult to reconcile, but give rise to further speculation. Mounting evidence suggests that altered GH action has the most pronounced impact on Sc fat pads as compared with other WAT depots (4). GHR 2/2 mice that lack the GHR have a preferential enlargement of the Sc in particular, and generally, Sc depots have a greater capability of shrinking or expanding. Given that the Sc depot appears uniquely affected, it is intriguing that Ghbp is differentially regulated in Sc compared with other WAT depots. Accordingly, WAT heterogeneity may partly be due to variations in GHR and GHBP distributions among depots. Whether these observations are linked warrants further investigations. The GH-induced intracellular signaling pathways have previously been investigated in tissues from bGH and GHR 2/2 mice of various ages (34, (41) (42) (43) (44) . In these studies, comparisons were made between age-matched mice. However, at 7 months of age, WT mice have reached ;35% of their mean lifespan, whereas bGH mice have reached ;50% and GHR 2/2 mice have reached ;19% of their average life expectancy (18, 48, 49) . It is well known that GH, IGF-1, and insulin actions change with age, due to a decline in insulin sensitivity, among other factors. Thus, in the current study, it is possible that differences in gene expression levels were caused by differences in physiological ages, despite equivalent chronological ages. To fully understand the discrepancies, it is important to investigate whether the observed differences in expression levels of the examined genes between bGH and GHR
2/2
mice are present at different ages and perhaps also at equivalent physiological ages (9, 16 ).
Conclusion
The current study showed that expression of several proteins involved in GH, IGF-1, and insulin signaling in AT are regulated by GH. In addition, bGH mice responded to a pyruvate challenge to a lesser extent than WT and GHR 2/2 mice, suggesting a suppressed gluconeogenic capacity in these mice. Collectively, our findings support a role for GH in regulating whole-body glucose metabolism and energy balance, and point to a role for GH in regulating the GH/IGF-1/insulin signaling pathways in AT depots. Thus, the results provide insights into molecular mechanisms that may either delay or attenuate AT dysfunction, and translate into the onset and progression of systemic metabolic alterations. 
